Summary. -Vaccine stability is a key factor to preserve vaccine potency and efficiency, as its potency decays over time and during temperature changes. The choice of stabilizers for viral vaccine formulation depends mainly on the vaccine type. More specifically, the choice is determined by the properties and structure of the active pharmaceutical ingredient or viral antigen(s) in the vaccine. In this review, we analyze key formulation components in different vaccine types. We discuss some of the major driving forces in the improvement of vaccine thermostability: increasing demand for cost-effective production of thermostable vaccine with lower dependency on cold chain, stricter regulatory policies for animal-origin materials, and the return of the research investment from the industry point of view. Moreover, we provide an overview of existing licensed viral vaccine types, including their production platform, presentation, delivery route, known stabilizers content and available thermostability data. In addition, we compare the data of licensed vaccines to published experimental vaccines, in order to discuss the current trends in vaccine stabilizers development. 
Introduction
It is widely accepted that vaccination has been one of the most successful medicine tools. By the first half of the 20 th century, newly developed cell culture techniques allowed in vitro pathogen passaging, resulting in the attenuation of several medically relevant infectious diseases agents. Throughout the last 200 years, several technology waves have helped to define the most important milestones in vaccine history, considering five past revolutions in vaccinology: virus attenuation, virus inactivation, cell culturing of viruses, genetic engineering and induction of cell-mediated immunity by vaccine (Plotkin, 2005) . In the 21 st century, genetically engineered vaccines, reverse vaccinology and potent immunoselective adjuvants are the main vaccine innovative driving forces. It is expected that one or several of these innovations would become a market game-changer and will contribute to the next vaccine revolution. The development of these innovative technologies can be considered as a reaction to: progressively stricter safety concerns of regulatory agencies; need for more potent and cost-effective vaccines and increase the effectiveness of the vaccine immunization coverage.
The viral antigen(s) or active pharmaceutical ingredient (API) is the immunogenic component of the vaccine. Until recently, the API structural analysis prior to stabilizers formulation selection has not been used in the process of the vaccine formulation. Historically, vaccine formulations have been relying heavily on empirical approaches, resulting mostly in successful vaccines, but with limited thermostability. Nowadays, an important part of the vaccination coverage effectiveness relies on the maintenance of an expensive cold chain systems used to ensure proper vaccine storage, distribution and administration. However, the constant streaming of new scientific information regarding virus structure, infection and immune system regulation is making the selection of stabilizers in vaccine development more scientifically-driven. In line with this tendency, new technological advancements based in time-saving high-throughput technologies (Schlehuber et al., 2011; Walter et al., 2012) and rational and systematic antigen structure-based vaccine formulation (Morefield, 2011) represent major current trends in vaccine development. In this review, we discuss recent scientific, regulatory and economical constrains and their impact on current viral vaccines stabilizers development. We further focus on the correlation of the API characteristics with components of the licensed vaccines, to compare them with components of publically available experimental vaccine data and to analyze current trends in vaccine stabilizers development.
Viral vaccine types and their stability
Based on current vaccine stabilizers data, the more complex is the API the more complex tends to be its vaccine formulation. Notably, viral vaccines with their complex structure and functioning, expensive production and high safety risks represent a particular challenge to the pharma industry and regulatory agencies worldwide. There are three different viral vaccine types: the live attenuated vaccines (LAV), the inactivated vaccines (IN), and the recombinant or subunit vaccines (SUB). As their API structural characteristics are remarkably different, API complexity correlates with the vaccine variable stability.
The LAV were among the first vaccines ever used in humans (e.g. smallpox, rabies, tuberculosis, yellow fever; Plotkin, 2014) , and in the first half of the 20 th century vaccine attenuation resulted in a significant decrease in pathogenicity. During the second half of the 20 th century, several relevant viral LAV had a breakthrough success, including: polio, measles, mumps, rubella, adenovirus, varicella, rotavirus and influenza virus vaccines (Plotkin, 2014) . In most cases, viral LAV replication within the host is as potent as the wild type virus, without the onset of disease symptoms. LAV potency correlates directly with their replicative potential, resulting in a sustained immune response, including innate response (inflammation), but most importantly a strong adaptive response (antigen-specific antibody production and a strong cellular-mediated response). The LAV has been historically known for their efficacy, but structural changes induced by external factors impact their potency, with the temperature as the most critical. Depending on the structure of viral capsid outer layer, the LAV virus capsid can be either enveloped (i.e. containing a host lipid membrane: measles, mumps, influenza, smallpox, rabies viruses) or capsid protein (i.e. geometric arrangement of copies of one or more viral proteins: polio virus, adenovirus, rotavirus, papilloma virus). Independently of their API complexity and structural architecture of their capsid, most LAV are thermosensitive and require rich formulations to create a complex glassy matrix to prevent lipid membrane hydration and protein aggregation (Alcock et al., 2010) . Based on available information, LAV formulations consist of buffers (e.g. phosphate, citrate) including one or two of the following stabilizers types: i) protein components (e.g. peptides, amino acids, human serum albumin, lactoalbumin, gelatin, polygeline) or ii) sugar and sugar alcohols (e.g. sucrose, trehalose, sorbitol, mannitol, lactose) (Table 1) . Therefore, licensed LAV formulation is mostly limited to solid state (lyophilization), with a few exceptions. Since LAV immunogenicity relies on replicative component, the major goal of LAV technological development is the optimization of its stabilizers composition.
The IN are live vaccines inactivated by virion exposition to a cross-linking agent that does not affect their antigenicity. Among the most commonly used commercial vaccines inactivating agents are the formaldehyde (as formalin) and β-propiolactone (Perrin and Morgeaux, 1995) . Due to their inactivation, IN vaccines do not have a replicative potential (a desirable vaccine safety feature for regulatory authorities), and the immunological response triggered is less potent in comparison to LAV. Consequently, in most of the inactivated IN vaccines, effectiveness relies on the wide use of adjuvants in their formulation, and/or subsequent boosting dose(s). Since IN vaccines require an adjuvant, it is of the outmost importance to preserve the desired physicochemical properties of the API-adjuvant complex, in order to elicit the desired immune response. Nowadays, the selection of the (Clapp et al., 2011) . However, the unmet need for more selective and potent adjuvants is fueling an intensive research of vaccine adjuvants and is expected to lead to new generation of inactivated vaccines (Garcia and De Sanctis, 2014, Mohan et al., 2013) . A brief overview of current licensed adjuvants is given in Table 2 , but new promising alternatives to licensed adjuvants are also reported, including the two main groups, TLR antagonists (Fujita et al., 2013) and colloidal carriers (Beg et al., 2013 Table S3 ). The genetic engineering is widely used for SUB vaccine production and those vaccines are considered the safest and most promising of the current vaccine types. Viral recombinant or SUB vaccines consist of immunogenic viral proteins and/or polysaccharides, generally from the exterior of the virus capsid. As highly purified proteins tend to be thermostable, by reducing the amount of stabilizers within the formulation, the SUB vaccine is an attractive alternative to IN or LAV vaccines. For example, the SUB vaccine FluBlok® has no additives (Supplementary Table S3 ). SUB vaccines improved thermostability allows for a variety of innovative delivery routes. On the negative side, SUB vaccines require several boosts for complete protection, which poses an extra vaccine distribution, storage and logistical challenges. Interestingly, there are two relatively recent innovations in SUB vaccines that can target these disadvantages, representing current research trends in SUB vaccine field.
The first innovation is the capacity of some viral proteins to self-assembly into virus like particles (VLP) with more potent immunogenic potential than the single soluble protein. This is achieved by the multi-epitopic nature of VLP, increasing the pathogen recognition by the immune response and inducing strong humoral and cellular responses. One of the main advantages of VLPs is the relatively easy microbial production platform and the possibility of cell-free systems (Rodriguez-Limas, 2013) . Notably, licensed vaccines against the human papilloma virus and associated cancer confirm the VLP as an effective platform (Gardasil® and Cervarix®) (Supplementary Table S3 ). The second innovation is the reverse engineering, a technique that implies the sequencing of the virus, synthesizing several of its antigens, inducing immune response in vivo, and subsequently developing the most immunogenic antigens as vaccine (Rappuoli, 2000) .
Vaccine excipients and safety regulations
Vaccine excipients comprise all chemical compounds used in the production of vaccines, including: the suspending fluid (e.g. sterile water, saline buffer or fluids containing protein), preservatives (e.g. antibiotics, thiomersal), stabilizers and adjuvants that contribute to the vaccine's efficiency, as well as traces of the culture material (e.g. media, FBS). Vaccine composition varies from one product to another, and different vaccines with the same API can have substantially different formulation composition attributed to production processes. All these aspects represent critical manufacturer know-how and the vaccine stabilizer composition can be protected as intellectual property. Depending on the vaccine type, the inclusion of stabilizing agents can be crucial for API stability. Generally, most of the stabilizers found in commercial viral vaccines are considered as generally regarded as safe (GRAS) compounds (Table 1 ). The main advantage of using GRAS as vaccine stabilizers is the traceability of materials and time saving during the vaccine qualification and certification, by national and international regulatory authorities. One of the biggest challenges for vaccine manufacturers is the constant trend to gradually replace or at least decrease the amount of antibiotics, preservatives and material of animal-origin in vaccines, due to existing and potential safety concerns from contamination by adventitious agents or allergic reactions. For example, antibiotics have an increasing disuse in vaccines, mainly due to allergenic properties of some antibiotics in sensitive persons (anaphylaxis or local skin reactions). However, compared with others (e.g., cephalosporins or sulfa drugs), the most commonly found antibiotics in vaccines are not known to cause severe allergic reactions (e.g. neomycin or polymyxin B), (Georgitis and Fasano, 2001 ). In addition, the antibiotic trace amount within vaccines is considered not significant, like the neomycin content in vaccines which is normally below 50 µg or lower, posing antibiotic content a very unlikely threat to elicit an allergenic response. Another preservative, the thiomersal (an organomercury compound) has been extensively used as a vaccine preservative for more than 80 years, but it is probably one of the most polemic vaccine excipient (Dorea et al., 2013) . In 1999 in the USA, the thiomersal started to be substituted as vaccine preservative, and by 2003 no thiomersal vaccine was available in the USA (Food and Drugs Administration, 2013) . The removal of thiomersal-containing vaccines in high income countries has recently fueled a continuous debate about discontinuation of thiomersal use in vaccines for human use altogether, questioning the benefits of the thiomersal ban in low and middle-income countries (King et al., 2013) . The preservatives are not the only vaccine components that have been subjected to controversy. Historically, the use of biological material of animal-origin (including humanorigin) has been widely present in vaccine production and formulation, but these components are under constant safety surveillance due to the potential contamination by adventitious agents. The fetal bovine serum (FBS) is one example of animal-origin material used for decades for the cell culture-based vaccine production as a growth additive. The FBS is the most widely used growth additive, but other animals are also used for serum production. Over decades, progressive layers of regulatory restrictions and quality control tests along the vaccine production process have been put in place to minimize the possible contamination of vaccines by adventitious agents. Moreover, serum production is strictly regulated internationally by the European Medicines Agency and the Food and Drug Administration (FDA), and only good manufacturing practices (GMP) grade-certified products tested to be negative for a panel of adventitious agents, can only be used for vaccine development and manufacturing. One of the main animal-origin material risks is the bovine spongiform encephalopathy (BSE) in bovine-origin products (Baker and Ridley, 1996) , including FBS (European Agency for the Evaluation of Medicinal Products, 2009). So far, there are no reported cases of BSE in humans transmitted via vaccines, remaining thus just as theoretical risk.
Even though gelatin is considered as generally regarded as safe (GRAS) excipient, its animal-origin still rises concerns about its safety due to presence of adventitious agents or allergenic properties (Rottem and Shoenfield, 2004 ), but only extremely rare incidence of anaphylaxis (one per 2 million cases) or urticaria has been reported when gelatin was used as stabilizer (Offit and Jew, 2003) . Gelatin is a key component for the lyophilization process of most LAV, so gelatin removal from LAV formulations will be difficult until a suitable viable substitute will be available, being the recombinant human gelatin a promising candidate (Liska et al., 2007) . Another commonly used animal-origin vaccine stabilizer is the human serum albumin (HSA), that have been used widely in LAV and combinatory vaccines (Supplementary Table S3) , and reported to be linked with enhanced stability of flavivirus vaccine (Wiggan et al., 2011) . As an animal-origin product, HSA raises the same concerns as serum or gelatin, and even when HSA has never been linked with any disease transmission in vaccines, again the theoretical risk exists. The FDA requests that vaccines containing HSA have a package label concerning the risk of viral disease transmission or vCJD included. Therefore, there is an increasing trend to substitute the HSA by recombinant albumin of alternative non-animal sources or by mixture of amino acids. For example, the Recombumin® from Albumedix is the first recombinant albumin approved for drug and vaccine manufacturing (Albumedix, 2016) . Such increased availability of GMP manufactured non-animal origin amino acids, sugars or recombinant proteins as alternatives for replacement of "classical" animal-origin materials (HSA or gelatin), is one of the most promising strategies for the maximal decrease of adventitious agent's contamination for vaccine production.
Besides the excipients safety concerns, there is also safety concern about the final propagation or production substrate for viral vaccines, were there is a clear tendency to select cell substrates widely regarded as safe. The current selection of substrates varies according to the vaccine type, corresponding also to the vaccine API complexity. For example, for LAV manufacture the primary human cells (WI-38, MRC-5) are mainly chosen, but recently the transformed Vero cell line has been progressively used also, while for IN vaccines the specific pathogen free chicken eggs (SPFCE) represent still the most used substrate. The SUB vaccines are the most substrate innovative vaccine type, where yeast and bacteria are also used with success (Supplementary Table S3 ). The innovation in vaccine substrates faces the reluctance from vaccine developers, due to complicated, long and costly new regulations and recommendation for the acceptance of new vaccine substrate (World Health Organization, 2013) .
Cold chain and thermostable vaccine innovation in industry
The vaccine thermostability is the maintenance of a determined minimal viral potency in a specific thermal range during its shelf-life, and it depends on the vaccine type, API and route of delivery (Kumru et al., 2014) . Several private, governmental and academic entities have recognized the current challenge that thermostability poses in the vaccination programs throughout the world. As a major call for this urgent problem, "vaccines that do not require refrigeration" is currently one of the 16 grand challenges in global health put forth by the Bill and Melinda Gates Foundation originally in (Global Grand Challenges, 2016 . The maintenance of appropriate low temperatures for storage and transport of vaccines is paramount in the vaccine distribution network and is called cold chain. Historically, the cold chain maintenance has been focused on avoiding elevated temperatures as source of vaccine instability. Potency loss can be attributed to storage, distribution, vaccine preparation and to administration time gaps. But nowadays, it is the inadvertent exposure to low temperatures of several freeze-sensitive vaccines that represent a serious threat to the thermostability of IN vaccines, especially with IN vaccines containing aluminum adjuvant, where freeze-stable formulations are under development (Braun et al., 2009a) . For example, it is revealing that the 75%-100% of IN vaccine shipments have been exposed to freezing temperatures at least once (Matthias et al., 2007) , emphasizing the importance of this problem. Failures in the cold chain have been contributed to local outbreaks and disease resurgence in the developing world. For example, during vaccine distribution monitoring in Papua New Guinea, it was found that 100% of the vaccines were exposed to freezing temperatures, but rarely exposed to elevated temperatures (Wirkas et al., 2007) . Theoretically, the maintenance of cold chain is possible in every country, but there are several reasons that hamper its implementation, particularly in low income countries, such as: outdated or improper refrigeration equipment; interruptions of energy supply due not reliable source or infrastructure; poor compliance with cold chain procedures; inadequate monitoring; poor understanding and/or training (Kristensen et al., 2011) . Among the most important advantages of vaccines with improved thermostability to high and freezing temperatures, are health and economic aspects such as: the expansion of immunization coverage; minimizing the cost increase, and patient's access to fully potent vaccines; reduced vaccine wastage and turnover by increasing vaccine shelf life ). On one hand, despite these evident benefits and urgent need for improved thermostability of vaccines, economic constrains, and investment recovery are still the major obstacles for thermostable vaccine development by vaccine manufacturers. Logically, new vaccine stability formulations with innovative improvements must occur within the early phases of vaccine development, but these innovations can impact the costs of vaccine reformulation, extra clinical trials and additional regulatory approvals. On the other hand, an optimization of the vaccine thermostability represents several advantages for vaccine manufacturer as well: higher bulk production efficiency, reducing costs in lowering recalls, temperature controlled storage and transportation. Unfortunately, despite the technological prowess of the thermostable vaccine improvements, the presence of thermostable vaccines in the market or at late clinical phases aimed to licensing is limited (Supplementary  Table S3 , S4). Therefore, for the pharmaceutical industry it is important to ensure investment recovery, to make thermostable vaccine development attractive. Notably, the customer acceptance and support from governmental regulatory authorities and policymakers, via incentives and guidelines, can make new thermostable vaccine formulations development more attractive to industry. On the other hand, manufacturer should provide an improved product with net potential market advantages over the existing ones with sufficient proves about safety and efficacy of new thermostable vaccines.
Stabilizers in licensed and experimental vaccines
As mentioned before, composition of viral vaccine formulation is highly variable depending on the vaccine type. Moreover, the information about licensed vaccine components is not always complete, and formulations with same API can be substantially different from one product to another. Using information from summary of product characteristics or package inserts, we collected data from about 71 licensed vaccines types (LAV, IN and SUB vaccines) and their formulations (Supplementary Table S3 ). Formulation data for 9 out of 71 vaccines were not available. We reason that the number of times a specific stabilizer is mentioned in different vaccine formulations provides approximate information about its spectrum of use. As expected, the collected data showed that stabilizers in current LAV formulations are mostly enriched by well-known GRAS protein excipients such as HSA and/or gelatin with 1+ amino acids, and 1+ sugar components (Supplementary Table S3 ). Most likely, these rich formulations are required due the high level of complexity and intrinsic instability of API in LAV and IN vaccines, requiring lyophilized formulation, were gelatin plays a decisive stabilization role. For example, albumin and gelatin are present in 12% and 19% of LAV and IN vaccines, respectively, while in SUB formulations both stabilizers are absent (Supplementary Table S3 ).
Comparing the licensed vaccine with the experimental vaccine list consisting of 38 vaccines (Supplementary Table  S4 ), the presence of albumin and gelatin in experimental vaccines is reduced by 50%. Within the available data about experimental vaccines, the albumin and gelatin are mentioned in 8% and 16%, respectively, only in LAV formulations (Supplementary Table S4 ). Interestingly, amino acids are used in both licensed and experimental vaccines with similar frequency, about 25-30% of all vaccine type's formulations containing at least one amino acid. Glutamate, arginine, histidine and alanine are the most commonly mentioned amino acids in both licensed and experimental vaccine formulations (Supplementary Table S3 and S4). Most of the formulations that include amino acids are LAV, while in IN and SUB formulations the amino acid presence is reduced or they are not present at all. Amino acid mixtures are used for increasing protein solubility and stability (Golovanov et al., 2004) . There are several reasons for amino acid presence in the vaccine formulations, depending on the amino acid physicochemical characteristics. For example, the histidine has antioxidant and buffering properties, by scavenging HO -radicals in solutions (Wade and Tucker 1998) and by controlling pH and stabilizing non-covalent interaction of solid state proteins (Chen et al., 2003; Tian et al., 2007) . Another interesting amino acid is arginine, which is widely known for preventing protein aggregation by interacting with aromatic and charged protein residues (Shukla and Trout, 2010) .
Another important stabilizer group within vaccine formulation are sugars (mono /di/polysaccharides). In fact, approximately one third of therapeutic proteins in the pharmaceutical industry are stabilized in sugar glasses, which emphasize their wide use as well as proven stabilizing and protective potential. The sucrose and sorbitol are the most commonly mentioned sugar stabilizers in our licensed vaccine list being present in 20% and 14%, respectively (Supplementary Table S3 .). Interestingly, in the list of experimental vaccines the trehalose is the most commonly found stabilizer among sugars (32% of experimental vaccine formulations contained trehalose), while sucrose, mannitol and the polysaccharide inulin are used in experimental vaccines with similar frequency (10%-13% of formulations). There are several reports supporting the trehalose stabilizing and cryoprotectant properties Douglas, 2012, Kaushik and Bhat, 2003) , suggesting trehalose as the most promising candidate in future LAV vaccine formulations. Moreover, trehalose increasing inclusion in several experimental formulations (i.e. alternative delivery routes: microneedles, spray freeze-dried, liquid and spray dried powder) highlights its versatility and potential of its stabilizing properties. Besides trehalose, the inulin has been also reported as a promising cryo-and lyo-protectant, especially for virosomes (de Jonge et al., 2007) .
Conclusions
Nowadays, the production of cheap, efficient and stable viral vaccines comprises of several strategic, technical and economical challenges to the pharmaceutical industry and health agencies worldwide. In addition, the presence of new or emerging infectious viral diseases, like the pandemic zoonotic influenza H1N1 appearance in 2009 (Fineberg, 2014) , the Ebola virus emergency in Central Africa in 2014 (Elshabrawy et al., 2015) , or the recent Zika virus outbreaks in Latin America (Jamil et al., 2016) , together with the increasing chronic market competitivity, represent a continuous pressure for time and cost-efficient vaccine formulation and production. The development and market innovation of cost-effective thermostable vaccines can alleviate the vaccine demand, potentially being a game changer in low-resources settings for immunization coverage. Current development in vaccine formulation focuses on the importance of structural characterization of the vaccine API, and the need of a systematic formulation analysis to avoid strategic failure resulting in sub-optimal formulation (Morefield, 2011) . Inadequate vaccine formulation can result in jeopardizing the safety, efficacy and/or stability of the vaccine, increasing subsequent costs related to recalls, distribution, storage or drop in sales. Current rational approach for vaccine formulation development should thus consist of: API biophysical characterization; adjuvants and stabilizers evaluation; interaction between API and other excipients; production quality control assessment; and chronologic monitoring of stability in real time and in accelerated conditions. The vaccine stabilizer selection shows a clear tendency for substitution of animal-origin material (FBS, gelatin, HSA) for recombinant material, and the progressive inclusion of a sugar component into experimental vaccines (e.g. trehalose or inulin) (Supplementary Table  S4 ). When sugars are included in the formulation, upon dehydration, the proteins are embedded in a sugar glass matrix. Even in the sugar-glasses, protein degradation can occur by chemical (oxidation, hydrolysis, deamination) or physical (aggregation) changes. Unfortunately, the exact mechanism or factors that regulate this degradation process is not completely understood. But several hypotheses have been described in attempts to understand, characterize and quantify the protein degradation rates in sugar glass matrixes (i.e. water replacement or vitrification hypothesis), but the understanding of these is extremely complex (Cicerone and Soles, 2004) . Overall, the correct selection of the viral stabilizer can have a profound impact on vaccine thermostability, which is especially more important in LAV and IN vaccines than in SUB vaccines, where a more complex API structure generally requires a more complex stabilizer formulation. Kammer et al., 2007 
